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of the composite are also investigated. Two training procedures that generate the two-way shape mem-
ory effect in the metal matrix composite are offered. The present analysis shows that the two-way shape
memory effect in the chosen type of metal matrix composite is not as useful as in the polymeric matrix
one. Finally, for a polymeric matrix composite that is subjected to a transverse normal loading, the effect
of imperfect bonding between the shape memory alloy ﬁbers and the neighboring matrix is investigated.
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Shape memory alloys (SMAs) have attracted much attention in
the past two decades, especially due to their various applications in
smart structures, medical devices and actuators. This is because
these materials exhibit extremely large, recoverable strains result-
ing from stress and temperature induced transformations between
austenitic and martensitic phases.
The macroscopic behavior of shape memory alloys may be
divided into two major phenomena. The ﬁrst one is usually known
as pseudoelasticity (PE), in which nonlinear elastic behavior is
observed. In particular, very large strains upon loading are being
generated, but full recovery is achieved in a hysteresis loop upon
unloading. The second phenomenon is known as the shape memory
effect (SME), which may be also divided into two. If the shape
memory alloy experiences the one-way shape memory effect it
exhibits large residual strains after loading and unloading cycle.
These strains may be fully recovered simply by raising the temper-
ature of the body. Here, only one stable shape of the alloy is iden-
tiﬁed: a high-temperature shape in the austenite phase. While
both the pseudoelasticity and the one-way shape memory effect
are intrinsic characteristics of the alloy, the two-way shape memory
effect is an acquired characteristic. It can be obtained by applying a
speciﬁc thermomechanical loading cycles (usually refer to as train-ll rights reserved.
: +972 3 640 7617.ing) which results in a generation of permanent defects (see for
example, Perkins, 1974; Stalmans et al., 1992; Hebda and White,
1995; Miller and Lagoudas, 2001; Lahoz and Puertolas, 2004;
Patoor et al., 2006; Abel and Luo, 2007). These defects are effec-
tively considered as non-homogeneous plastic strains at the mar-
tensite or austenite phases. The outcome of the appearance of
these strains is an alloy which exhibits two stable shapes instead
of one: a high-temperature shape in the austenite phase and a
low-temperature shape in the martensite phase; the transition be-
tween these shapes may be carried out by applying a temperature
change without any mechanical loading. As a result, the two-way
shape memory effect forms the basis of an actuation mechanism
which may be utilized in industrial and surgical applications. More
details about the characteristics and applications of the SMA mate-
rials can be found in the recent book edited by Lagoudas, 2008.
This study focuses on a speciﬁc training procedure in which
deformation due to martensite reorientation results in internal
plastic strains. As discussed by Liu et al. (1999), these strains are
essential to compensate for the orientation mismatch that occurs
between martensite variants in neighboring grains. From a macro-
scopic point of view, this mechanism results in a two-way shape
memory effect which represents the directional dependency of
the generated internal stress ﬁeld due to applied thermal loading.
In other words, if an external load is applied at a constant temper-
ature which is lower than the martensite ﬁnal temperature Mf ,
martensite reorientation is generated. At this state, while keeping
the alloy loaded, two stable shapes can be identiﬁed: a low-
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temperature shape in the austenite phase. It may be noted that
many actuators, especially in the aerospace industry, are designed
with an initial state of pre-loading. A shape memory alloy which is
initially pre-loaded to form a martensite reorientation (with
T < Mf ) can be utilized as such an actuator. Once it is pre-loaded,
its shape can be changed simply by applying a suitable tempera-
ture change, without any additional mechanical loading.
Several attempts were made to model the two-way shape
memory effect. Zhang et al. (1992) introduced a simpliﬁed one-
dimensional constitutive model where the contribution of the
training process was modeled by means of a speciﬁc strain compo-
nent that was added to the inelastic strain. This concept was ex-
tended by Bo and Lagoudas (1999) where one-dimensional
constitutive equations for the accumulation of plastic strains were
derived. In their study, Bo and Lagoudas (1999) examined a case
where no saturation of plastic strains upon training is observed.
Lexcellent et al. (2000) on the other hand, proposed a simpliﬁed
phenomenological model with two internal variables, namely,
the self accommodated volume fraction and the oriented product
phase. Another term which represents the effect of training was
added to the free-energy function. In Paiva et al. (2005), one-
dimensional constitutive equations for monolithic shape memory
alloys were presented. In their study, the two-way shape memory
effect was modeled by means of a plastic strain component and a
tensile-compressive asymmetry in the alloy behavior was consid-
ered. In all the above investigations, the two-way shape memory
effect was modeled via the standard training procedure. In Helm
and Haupt (2003) on the other hand, the two-way shape memory
effect which is associated with martensite reorientation was mod-
eled. In this model, three-dimensional governing equations for
both one-way and two-way shape memory effect and pseudoelas-
ticity were presented.
Although the aforementioned investigations give a good picture
of the essential phenomena of the two-way shape memory effect
in monolithic shape memory alloys, none of them suggest a meth-
odology to predict the two-way shape memory effect in shape
memory alloy composites. Hence, The main objective of this study
is to develop a robust quantitative micromechanical procedure to
obtain the effective mechanical properties and the behavior of
shape memory alloy composites which exhibit the two-way shape
memory effect. To accomplish this, the high-ﬁdelity generalized
method of cells (HFGMC) micromechanical model, ﬁrst presented
by Aboudi (2001) for electro-magneto-thermo-elastic composites,
and Aboudi et al. (2001, 2002, 2003) for polymeric and metal ma-
trix composites, is utilized. This model is capable to accurately pre-
dict the global (macroscopic) behavior of the composite by
properly taking into account the detailed interaction between the
various constituents. It may be noted that the HFGMC framework
was successfully employed for different applications of shape
memory alloy and shape memory alloy composites in the past
(see for example, Aboudi and Freed, 2006; Freed et al., 2007; Freed
and Aboudi, in press, 2008) and therefore this micromechanical
method is chosen in this investigation.
As a ﬁrst step in the micromechanical analysis, appropriate con-
stitutive relations of the monolithic shape memory alloy need to be
established. To this end, the constitutive model of Helm and Haupt
(2003) for monolithic shape memory alloys is adopted. This model,
brieﬂy presented in Section 2, is incorporated with the HFGMC
micromechanical analysis as the ‘ﬁber’ constituent in the compos-
ite. As the ‘matrix’ constituent, the standard governing equations
for linearly elastic epoxy and elasto-plastic work-hardening alumi-
num are employed. In Section 3, the HFGMC micromechanical
analysis is brieﬂy described for the prediction of the response of
the shape memory alloy composite. In Section 4, applications of
the micromechanical model are presented. In this section, predic-tions of the one-way and two-way shape memory effects for both
polymer matrix composite (SMA/epoxy) andmetal matrix compos-
ite (SMA/aluminum) are shown and discussed. Finally, summary
and conclusions are given in Section 5.2. Constitutive equations of monolithic shape memory alloys
The modeling of the shape memory alloy composites begins by
choosing an appropriate constitutive model for the shape memory
alloy ﬁbers. In this study, the model proposed by Helm and Haupt
(2003) is adopted. A general inelastic framework for the derivation
of three-dimensional thermomechanical constitutive equations for
materials undergoing phase transformations is presented by this
model. In this section, this model is brieﬂy described with some
minor changes. For a more complete description of the model,
the reader is referred to Helm and Haupt (2003).
As suggested by Helm and Haupt (2003), the free-energy
function w is decomposed into elastic we and inelastic ws parts.
The elastic part of the free-energy density function is given bywe ¼
l
q
De : 
D
e þ
1
2
j
q
½e : I2  3jaq ðh h0Þe : Iþ
Z h
h0
cd0ðh^Þdh^
þ uA0 þ zDu0  h
Z h
h0
cd0 ðh^Þ
h^
dh^þ gA0 þ zDg0
" #
ð1Þwhere a superscript D represents the deviatoric part of the tensor, l
and j are the shear and bulk moduli of the alloy (same material
properties for the austenite and martensite phases are assumed),
q is the material mass density, a is the coefﬁcient of thermal expan-
sion, h and h0 denote the current and initial temperature, cd0 repre-
sents a part of the speciﬁc heat capacity, z is the martensite fraction
and Du0 ¼ uM0  uA0 and Dg0 ¼ gM0  uA0 are the initial values of the
internal energy u0 and entropy g0 for the austenite and martensite
phases (where superscripts A and M denote austenite and martens-
ite phases, respectively). In Eq. (1), I is the 3 3 identity matrix and
e is the elastic part of the total strain tensor  where the
decomposition ¼ e þ d ð2Þis adopted and d represents the inelastic strain tensor. An addi-
tional decomposition of the inelastic strain tensor is employed
d ¼ Ye1 þ Yd1 ð3Þ
where Ye1 is used to represent the energy storage due to internal
stress ﬁelds and Yd1 is introduced to model the dissipation effects
during the evolution of internal stresses. The inelastic part of the
free-energy function is given by
ws ¼
1
2
c1
q
Ye1 : Ye1 ð4Þ
where c1 is a material property. Following classical arguments, the
stress and internal stress tensors are derived from the free-energy
components as follows
r ¼ q @we
@e
¼ 2lDe þ jðe : IÞI 3jaðh h0ÞI
X ¼ q @ws
@Ye1
¼ c1ðd  Yd1Þ
ð5Þ
where r is the stress tensor, X is the internal stress ﬁeld. Let the
internal variable X ¼ X þ Xh represents the overall residual stres-
ses where
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2
3
r
q
cd
@we
@z
 
d
kdk ð6Þ
with hi as the McCauley brackets and cd is a material property. In
Eq. (6), Xh represents the residual stresses which are associated
with temperature induced phase transformation. The evolution of
the inelastic strain tensor d is governed by the ﬂow rule
_d ¼ kd @f
@r
ð7Þ
where f is a yield function which is given by
f ¼ krD  Xk 
ﬃﬃﬃ
2
3
r
k ð8Þ
with k as an effective yield value. By combining Eqs. (8) and (7), it
may be shown that
@f
@r
¼ r
D  X
krD  Xk  N: ð9Þ
The inelastic multiplier kd may be explicitly determined askd ¼
A ! M for Dw > 0; f > 0; zSIM < 1; seff > kXhk; and d : N P 0
M ! A for Dw > 0; f > 0; zSIM > 0; and d : N < 0
1
gd
f
rd
 m eM ! M for f > 0; zSIM < 1; zTIM > 0; and d : N P 0
M ! eM for f > 0; zSIM > 0; zTIM < 1; Dw < 0 and d : N < 0
0 elsewhere
8>>>><>>>>:
ð10Þwhere gd and rd are material parameters, seff ¼ krD  Xk; Dw ¼
Du0  hDg0, and zSIM and zTIM denote the stress and temperature in-
duced martensite fractions, respectively, so that the overall mar-
tensite fraction is given by 0 6 z ¼ zSIM þ zTIM 6 1. In Eq. (10), A
and M represent the austenite and detwinned martensite phases,
while eM represents the twinned martensite phase. Next, the evolu-
tion terms of the stress induced and temperature induced martens-
ite fractions are given by
_zSIM ¼
ﬃﬃﬃ
2
3
r
1
cd
d : _d
kdk ð11Þ
and_zTIM ¼
 _zSIM eM ! M for f > 0; zTIM > 0; zSIM < 1 and d : N P 0
 _zSIM M ! eM for Dw 6 0; f > 0; zSIM > 0; zTIM < 1 and d : N < 0
 j _hjMsMf
Dw
jDwj A ! eM for _zSIM ¼ 0; _h < 0; h 6 Ms; f < 0 and z < 1
 j _hjAfAs
Dw
jDwj
eM ! A for _zSIM ¼ 0; _h > 0; h P As; and z > 0
0 elsewhere
8>>>>><>>>>>:
ð12Þwhere As;Af ;Ms and Mf are the austenite and martensite start and
ﬁnish temperatures. Finally, the evolution of the internal variable
Yd1 is given by
_Yd1 ¼ nX ð13Þ
with
n ¼
ﬃﬃﬃ
2
3
r
h _zSIMi0 exp½b1zc1SIM þ h _zSIMi0
n o b1
c1
k _dk: ð14ÞIt should be noted that Helm and Haupt (2003) established the cor-
responding energy equation to describe the coupling between the
current temperature and the generated inelastic strains in the shape
memory alloy. This is similar to the studies of Aboudi and Freed
(2006) and Freed and Aboudi (2009), in which the thermomechan-
ical coupling of shape memory alloys and shape memory alloy com-
posites was extensively investigated. Here however, we focus on
the two-way shape memory effect; hence, the effect of thermome-
chanical coupling is neglected.
The uniaxial stress–strain behavior of the monolithic SMA ﬁbers
is shown in Fig. 1a and b at reference temperatures h ¼ 240 K and
h ¼ 300 K, respectively; isothermal conditions were assumed. The
material properties are listed in Table 1. In both cases, a maximum
strain of jj ¼ 0:06 was reached. In Fig. 1a, the shape memory effect
is simulated where an amount of residual strain are observed upon
releasing the applied load. This strain may be fully recovered by
raising the temperature (and activating the one-way shape mem-
ory effect). In Fig. 1b, a pseudoelasticity response is observed,
where full recovery is achieved at each loading and unloading cycle
through a nonlinear hysteretic response.In Fig. 2a, the one-way shape memory effect is demonstrated.
The shape memory alloy is initially at a state of twinnedmartensite
at a temperature h ¼ 200 K which corresponds to the shape mem-
ory effect. Next, an external load is subjected to the alloy at the
constant temperature of 200 K to induce phase transformation be-
tween twinned and detwinned martensite. Upon releasing the ap-
plied load to zero, residual strains are generated. These strains may
be fully recovered by increasing the temperature. Speciﬁcally, dur-
ing this temperature increase the reverse transformation to aus-
tenite initiates at h ¼ 268 K and ﬁnishes at h ¼ 291 K. The shape
of the material (i.e., the strain) does not change upon an additional
temperature change.In Fig. 2b, the two-way shape memory effect is exhibited. The
ﬁrst stages of the process here are similar to those of the one-
way shape memory effect. First, the shape memory alloy is at a
state of twinned martensite at a temperature h ¼ 200 K which cor-
responds to the shape memory effect. Then, an applied loading is
subjected and a stress induced transformation takes place. How-
ever, unlike the former case of a one-way shape memory effect,
here the applied load is not released, but the temperature is in-
creased incrementally until the detwinned martensite becomes
austenite. The initiation of this process is identiﬁed at h ¼ 328 K,
a b
Fig. 1. Uniaxial stress–strain response of the monolithic shape memory alloy at temperatures: (a) h ¼ 240 K which is associated with the shape memory effect, (b) h ¼ 300 K
which is associated with psudoelasticity.
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Upon a subsequent temperature decrease, a phase transformationTable 1
Material properties of the shape memory alloy (Helm and Haupt, 2003).
Property Value
j 43 GPa
l 19.8 GPa
q 6400 kg/m3
a 1:06 105=K
gd 2 107 s
m 3
rd 1 MPa
c1 14 GPa
b1 700
b1 10
c1 10
Du0 12375 J/kg
Dg0 46.875 J/kg K
k 50 MPa
cd 0.05
Ms 320 K
Mf 300 K
As 350 K
Af 370 K
Fig. 2. (a) The one-way, and (b) two-way shape memobetween the austenite and the detwinned martensite is observed.
The analysis indicates that this transformation initiates at
h ¼ 340 K and ﬁnishes at h ¼ 300 K. As a result, two stable shapes
are observed for the monolithic shape memory alloy. The ﬁrst
shape is stable at low temperatures ðh < 300 KÞ while the second
shape is stable at high temperatures ðh > 366 KÞ. The transition be-
tween these two shapes is carried out without any mechanical
loading, but only by applying a temperature change.3. Micromechanical analysis
In this study, the micromechanical model referred to as ‘‘high-
ﬁdelity generalized method of cells” (HFGMC) was employed to
predict the effective properties and inelastic response of multi-
phase composites. This model is based on a homogenization tech-
nique of composites with periodic microstructure as shown in
Fig. 3. A typical repeating unit cell of such a composite is divided
into arbitrary number of rectangular subcells, which are labeled
by the indices ðb; cÞ; each subcell may contain a distinct homoge-
neous material. The dimensions of the subcell along the y2 and y3
axes are denoted by hb and lc, respectively. In addition, a local coor-
dinate system ðyðbÞ2 ; yðcÞ3 Þ is introduced in each subcell whose originry effects in the monolithic shape memory alloy.
CFig. 3. (a) A multiphase composite with doubly-periodic microstructures deﬁned
with respect to global coordinates ðx2; x3Þ. (b) The repeating unit cell is represented
with respect to local coordinates ðy2; y3Þ. It is divided into Nb and Nc subcells, in the
y2 and y3 directions, respectively. (c) A characteristic subcell ðbcÞ with local
coordinates yðbÞ2 and y
ðcÞ
3 whose origin is located at its center.
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tutive equation of the material is given by
rðbcÞ ¼ CðbcÞ : ððbcÞ  ðbcÞd  TðbcÞÞ ð15Þ
where rðbcÞ is the stress tensor in subcell ðb; cÞ;CðbcÞ is the stiffness
tensor of the material in the subcell and ðbcÞ; ðbcÞd ; 
TðbcÞ are the total,
inelastic and thermal strain tensors, respectively. For a particular
shape memory alloy subcell, the inelastic strain increments at the
various locations within the subcell are calculated using the ﬂow
rule given in Eq. (7), while the thermal strains are given in terms
of the coefﬁcients of thermal expansion multiplied by the tempera-
ture deviation from a reference temperature. For an elasto-plastic
work-hardening material, the ﬂow rule of the inelastic strain ðbcÞd
is given by the standard Prandtl-Reuss equations.
Next, in the HFGMC framework it is assumed that the displace-
ment vector in each subcell is given by the quadratic form
uðbcÞ ¼   xþWðbcÞð00Þ þ yðbÞ2 WðbcÞð10Þ þ yðcÞ3 WðbcÞð01Þ
þ 1
2
3yðbÞ22 
h2b
4
 !
WðbcÞð20Þ þ
1
2
3yðcÞ23 
l2c
4
 !
WðbcÞð02Þ ð16Þwhere  is the applied (external) strain and the unknown terms
WðbcÞðmnÞ are to be determined by satisfying the equilibrium equations,
the periodic boundary conditions and the interfacial continuity con-
ditions of displacements and traction between neighboring subcells.
It can be shown (Aboudi, 2001) that in the framework of HFGMC
model, the equilibrium equations r  rðbcÞ ¼ 0 in subcell ðbcÞ take
the form
SðbcÞ2ið10Þ
h2b
þ
SðbcÞ3ið01Þ
l2c
¼ 0; i ¼ 1;2;3 ð17Þ
where SðbcÞ2ið10Þ and S
ðbcÞ
3ið01Þ are the volume-averaged moments y
ðbÞ
2 r
ðbcÞ
2i
and yðcÞ3 r
ðbcÞ
3i , respectively.
The periodic boundary conditions ensure that the displace-
ments and tractions at opposite surfaces of the repeating unit cell
of Fig. 3b (i.e., at y2 ¼ 0 and H as well as y3 ¼ 0 and L) are identical,
A principal ingredient in the present micromechanical analysis is
that all these conditions are imposed in the average (integral)
sense. For example, the periodicity conditions for the displacement
vector at the two opposite sides of the repeating unit cell of Fig. 3b
are given by
uð1cÞjyð1Þ2 ¼h1=2 ¼ u
ðNbcÞj
y
ðNbÞ
2 ¼hNb =2
; c ¼ 1; . . . ;Nc ð18Þ
In the framework of HFGMC, these point-wise conditions are
replaced byZ lc=2
lc=2
uð1cÞjyð1Þ
2
¼h1=2d
yðcÞ3 ¼
Z lc=2
lc=2
uðNbcÞj
y
ðNbÞ
2
¼hNb =2
dyðcÞ3 ;
c ¼ 1; . . . ;Nc ð19Þ
Similarly, the point-wise periodic boundary conditions that are gi-
ven by
uðb1Þjyð1Þ3 ¼l1=2 ¼ u
ðbNcÞj
y
ðNcÞ
3 ¼lNc =2
; b ¼ 1; . . . ;Nb ð20Þ
are replaced byZ hb=2
hb=2
uðb1Þjyð1Þ3 ¼l1=2 dy
ðbÞ
2 ¼
Z hb=2
hb=2
uðbNcÞj
y
ðNbÞ
3 ¼lNc =2
dyðbÞ2 ;
b ¼ 1; . . . ;Nb ð21Þ
In addition, the point-wise continuity of displacements and trac-
tions between neighboring cells are also imposed in the integral
sense. For example, the displacement continuity conditions at the
interface between subcell ðbcÞ and its neighboring one ðbcþ 1Þ that
are given by
uðbcÞjyðcÞ3 ¼lc=2 ¼ u
ðbcþ1ÞjyðcÞ3 ¼lc=2 ð22Þ
for b ¼ 1; . . . ;Nb and c ¼ 1; . . . ;Nc  1 are replaced byZ hb=2
hb=2
uðbcÞjyðcÞ3 ¼lc=2dy
ðbÞ
2 ¼
Z hb=2
hb=2
uðbcþ1ÞjyðcÞ3 ¼lc=2dy
ðbÞ
2 ð23Þ
for b ¼ 1; . . . ;Nb and c ¼ 1; . . . ;Nc  1. Similar treatments apply for
the other interfacial conditions. Once the equilibrium equations,
periodicity conditions and interfacial displacement and traction
continuity relations are imposed, a linear system of algebraic equa-
tions is obtained which can be represented in the following form
KU ¼ f þ g ð24Þ
where the matrix K represents the material properties of the subcell
and its dimensions, U contains the unknown termsWðbcÞðmnÞ in the dis-
placement expansion, Eq. (16), the f vector is associated with the
externally applied strain and thermal effects, and g contains the
inelastic effects expressed by integrals of inelastic strains.
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(24), the stress and strain ﬁelds within each subcells may be deter-
mined. This is accomplished by means of the subcell strain concen-
tration tensor AðbcÞ which relates the local strain ﬁeld to the
externally applied one (see Aboudi, 2004, for further details). As
a result, the micromechanically established constitutive equations
that govern the macroscopic (global) behavior of the multiphase
material can be represented in the form
r ¼ C : ð d  TÞ ð25Þ
In this equation, r is the average stress in the composite, C is its
effective elastic stiffness tensor, and ; d and T are the macroscopic
total, inelastic and thermal strain tensors, respectively. It may be
noted that the HFGMC provides closed-form expressions for C; d
and T in terms of the geometry of the repeating unit cell and the
current material properties of its constituents. These closed-form
expressions have been summarized and presented in Aboudi
(2004).
For composites that consist of standard polymeric and inelastic
phases, results that illustrate the veracity of the HFGMCmodel pre-
diction were presented by Aboudi (2001) and Aboudi et al. (2001,
2002, 2003). In these references, the accuracy of both macro and
local ﬁeld predictions were veriﬁed by comparisons with available
analytical and numerical approaches.
4. Applications
In this section, the micromechanical model predictions of shape
memory alloy composites are examined for several applications.
Speciﬁcally, the responses of unidirectional SMA/epoxy polymer
matrix composite and SMA/aluminum metal matrix composite
are determined. To this end, the repeating unit cell, depicted in
Fig. 3b, was divided into Nb ¼ Nc ¼ 3 subcells with the shape mem-Fig. 4. Macroscopic stress–strain responses upon axial and transverse loading of th
Table 2
Elastic and thermal parameters of the isotropic epoxy polymeric matrix.
E m a
3.45 GPa 0.35 5:4 105=K
E; m and a denote the Young’s modulus, Poisson’s ratio and coefﬁcient of thermal
expansion, respectively.
Table 3
Elastic, plastic and thermal parameters of the isotropic elasto-plastic work-hardening
aluminum matrix.
E m a ry Es
72.4 GPa 0.33 2:25 105=K 371.5 MPa 23 GPa
E; m;a;ry and Es denote the Young’s modulus, Poisson’s ratio, coefﬁcient of thermal
expansion, yield stress and secondary modulus, respectively.ory alloy ﬁber located at its center. This discretization of the
repeating unit cell provides, in the present case of ﬁber to matrix
Young’s moduli ratio, sufﬁcient accuracy as long as the macro-
scopic response of the composite is sought. For the local distribu-
tion of the stress and strain among the SMA ﬁber and the matrix
subcells, a more reﬁned discretization is needed to exhibit the
details of such distributions. In all cases, the material properties
of the shape memory alloy ﬁber are given in Table 1, while material
properties of the elastic isotropic epoxy and the elasto-plastic
work-hardening aluminum constituents are given in Tables 2 and
3, respectively. Unless mentioned otherwise within the text, the
shape memory alloy ﬁber volume fraction was taken as v f ¼ 0:3.
In Fig. 4a and b, the uniaxial stress–strain responses of the SMA/
epoxy composite material are illustrated at reference temperatures
h ¼ 240 K and h ¼ 300 K, respectively, where isothermal conditions
are assumed. To this end, two curves are shown in each ﬁgure. The
bold line represents the uniaxial stress–strain behavior when the
applied load is oriented in the axial direction (i.e., parallel to the ﬁ-
bers which are oriented in the 1-direction). The dashed lines on the
other hand, represents the stress–strain behavior upon loading in
the transverse direction (i.e., perpendicular to the ﬁbers). Since
the Young’s moduli of the shape memory alloy ﬁbers and the epoxy
matrix are quite different (51.5 GPa and 3.45 GPa, respectively),
some differences are observed between the responses in these
directions.
In Fig. 5a and b, the one-way shape memory effect is demon-
strated for the SMA/epoxy composite material for loading in the
axial and transverse directions, respectively. In both cases, the
temperature of the composite material is initially set to
h ¼ 200 K (which corresponds to the shape memory effect). Thus,
the shape memory alloy ﬁber is at a state of twinned martensite.
Upon a subsequent applied external loading of the composite at
the constant temperature of 200 K, a phase transformation be-
tween twinned and detwinned martensite is induced in the ﬁber.
If the applied load is released to zero, macroscopic residual strains
are observed in the composite material. As may be observed from
Fig. 4a, the induced residual strains upon loading in the transverse
directions are obviously greater than those generated by the axial
loading. These strains may be fully recovered by increasing the
temperature. For the case of axial applied loading (Fig. 5a), the re-
verse transformation to the austenite phase begins at h ¼ 268 K
and ﬁnishes at h ¼ 284 K; recall that for monolithic shape memory
alloys the reverse phase transformation occurs in the range
268 K < h < 291 K. Hence, the epoxy constituent changes the
transformation temperatures. In the case of the transverse loading
(Fig. 5b), the reverse transformation occurs at a narrower range of
266 K < h < 282 K. In other words, recalling that a larger amount
of residual strains are being recovered, the evolution of the one-
way shape memory effect is more rapid in the case of transverse
loading. It should be noted that in both cases, the shape of the com-
posite is not affected by an additional temperature change.e SMA/epoxy composite material at temperatures: (a) h ¼ 240 K, (b) h ¼ 300 K.
Fig. 5. The SMA/epoxy composite material: (a) the one-way shape memory effect upon axial loading. (b) The one-way shape memory effect upon transverse loading. (c) The
two-way shape memory effect upon axial loading. (d) The two-way shape memory effect upon transverse loading.
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is shown in Fig. 5c and d for loading in the axial and transverse
directions, respectively. Here too, the temperature of the compos-
ite is initially set at a temperature of h ¼ 200 K to induce a twinned
martensite phase in the shape memory alloy ﬁber. Then, an exter-
nally applied loading is imposed on the composite as a result of
which a stress induced transformation occurs to form a detwinned
martensite in the ﬁber. Upon a subsequent temperature increase,
the detwinned martensite phase in the ﬁber is transformed to aus-
tenite. In the case of axial loading (Fig. 5c), this process begins at
h ¼ 339 K, and the material is fully recovered at h ¼ 435 K. Next,
the temperature is decreased and a phase transformation between
the austenite and the detwinned martensite phases takes place in
the ﬁber. This transformation is initiated at h ¼ 407 K and ﬁnishes
at h ¼ 307 K. In the case of transverse loading (Fig. 5d), the reverse
transformation occurs in the range of 306 K < h < 347 K while the
forward transformation begins at h ¼ 318 K and ﬁnishes at
h ¼ 260 K. In both axial and transverse loadings of the composite,
two stable shapes can be readily observed in the shape memory
alloy composite. The ﬁrst shape is stable at low temperatures
(h < 307 K and h < 260 K for the axial and the transverse loading,
respectively) while the second shape is stable at high temperatures
(h > 435 K and h > 347 K for the axial and the transverse loading,
respectively). The transition between these shapes is carried out
by applying the appropriate temperature change. It can be readilyconcluded that the embedded shape memory alloy ﬁbers have a
signiﬁcant inﬂuence on the macroscopic response of the composite
where both one-way and two-way shape memory effects can be
detected and utilized.
The effect of the shape memory alloy ﬁber volume fraction of
the SMA/epoxy composite on the two-way shape memory temper-
atures for applied axial and transverse loading is depicted in Fig. 6a
and b, respectively. To this end, ﬁber volume fractions of
v f ¼ 0:1;0:3;0:7 together with the monolithic shape memory alloy
ðv f ¼ 1Þ are shown. Obviously, the axial and transverse responses
of the latter are identical, which results from the isotropic behavior
of the monolithic shape memory alloy; hence, its response is
drawn only in Fig. 6a. Let us deﬁne stability temperatures as the
two temperatures which are associated with the stable shapes of
the shape memory alloy composite. Between these two tempera-
tures, phase transformation takes place in a hysteretic loop. Above
and below these extreme temperatures, the high and low-temper-
ature shapes can be identiﬁed (for the monolithic shape memory
alloy shown in Fig. 2b for example, the stability temperatures are
300 K and 366 K). Consequently, for both axial and transverse load-
ing, it may be easily observed from Fig. 6 that the ﬁber volume
fraction strongly affects the stability temperatures of the two-
way shape memory process. To this end, two extreme cases can
be identiﬁed: for v f ¼ 1, the range of stability temperatures is
the smallest, while for v f ¼ 0 (i.e., pure epoxy), the two-way shape
Fig. 6. The effect of the ﬁber volume fraction on the two-way shape memory behavior of the SMA/epoxy composite material upon (a) axial, (b) transverse loading.
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peratures were found to be: h ¼ 317 K and 494 K for v f ¼ 0:1,
h ¼ 310 K and 431 K for v f ¼ 0:3, h ¼ 303 K and 376 K for
v f ¼ 0:7, and h ¼ 300 K and 366 K for the monolithic shape mem-
ory alloy ðv f ¼ 1Þ. In other words, the temperature change which
is needed for transition from the low-temperature shape to the
high-temperature shape decreases with the increase of the ﬁber
volume fraction. In the case of transverse loading, similar behavior
is observed. Speciﬁcally, the stability temperatures were found to
be: h ¼ 258 K and 356 K for v f ¼ 0:1, h ¼ 258 K and 344 K for
v f ¼ 0:3, and h ¼ 263 K and 335 K for v f ¼ 0:7. In addition, it ap-
pears that the stable shapes are sensitive to the temperature
change as the ﬁber volume fraction decreases (note that the strains
outside the stability temperatures are not constant). This reﬂects
the variations of the effective thermal strains of the composite
material with the temperature change (it should be noted that
the coefﬁcient of thermal expansion of the epoxy matrix is much
greater than that of the shape memory alloy ﬁber, resulting in a
larger amount of macroscopic thermal strain with the decrease of
ﬁber volume fraction).
Another case of loading that generates the two-way shape
memory effect in the SMA/epoxy composite material with ﬁber
volume fraction of v f ¼ 0:3 is demonstrated in Fig. 7a and b. Here,
the composite is subjected to an in-plane transverse shear loading
at a constant temperature h ¼ 200 K to induce detwinned martens-
ite. In this case, 23–0 while all other macroscopic strains are zero.
By subsequently increasing the temperature of the composite
material, the detwinned martensite in the shape memory alloy ﬁ-
ber is recovered to austenite. If the temperature of the composite
material is then decreased, a forward transformation occurs inFig. 7. The two-way shape memory effect of the SMA/epoxy composite material upon s
response of the axial macroscopic strain 11.the shape memory alloy ﬁber from the austenite phase to the
detwinned martensite phase. This two-way shape memory process
is illustrated in Fig. 7a. It may be noted that once the current tem-
perature of the composite changes, additional macroscopic strain
components are generated resulting from the mismatch between
the coefﬁcients of thermal expansion of the shape memory alloy ﬁ-
ber and the epoxy matrix. In Fig. 7b, the induced macroscopic axial
strain 11 with respect to the current temperature is depicted. Note
that the scale of this strain component is much smaller than that of
the applied shear component 23 in Fig. 7a. At ﬁrst, a linear relation
between the temperature and the axial strain that represents the
linear expansion due to heating the composite is observed. At
h ¼ 286 K, inelastic transformation strain is generated in the axial
direction in the shape memory alloy ﬁber. This can be identiﬁed
by the change of the slope of the curve of the macroscopic strain
component 11. At h ¼ 333 K, reverse transformation takes place
in the shape memory alloy ﬁber and, consequently, the macro-
scopic axial strain component 11 decreases with the temperature
increase. Similar behavior can be detected in Fig. 7a for 23. At
h ¼ 340 K, the shape memory alloy ﬁber is fully austenitic and
the composite material is in its high-temperature shape. Upon a
subsequent temperature decrease, forward transformation be-
tween the austenite and the detwinned martensite phases begins
at h ¼ 311 K and ﬁnished at h ¼ 280 K. At this stage, the low-tem-
perature shape is attained.
The stable shapes appears to be insensitive to the temperature
changes in the sense that the macroscopic shear strain 23 is con-
stant outside the range of the stability temperatures, see Fig. 7a.
This is due to the fact that from a macroscopic point of view, the
composite behaves effectively as a transversely isotropic materialhear loading: (a) the response of the in-plane macroscopic shear strain 23, (b) the
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directions. Furthermore, at a ﬁrst look it seems as the macroscopic
axial strain component 11, Fig. 7b, is sensitive to the temperature
change. Recalling that the scale in Fig. 7a is one order of magnitude
greater than that of Fig. 7b, it is realized that the sensitivity of the
stable shapes to the temperature change is actually insigniﬁcant. It
is worth mentioning that similar behavior is obtained when the
composite is subjected to axial shear loading where 12–0 and
all other macroscopic strains are zero. Thus, the two-way shape
memory effect can be detected in the graph of h against 12 and h
against 11 as well as the other two principle macroscopic strains.
Thus far the global (macro) response of the SMA/epoxy compos-
ite has been shown. It should be interesting to investigate the local
ﬁeld distribution among the SMA ﬁber and matrix. Such an infor-
mation may indicate the potential failure locations where stress
concentrations might occur. This investigation necessitates, in or-
der to detect such critical points, a ﬁne discretization of the repeat-
ing unit cell that is shown in Fig. 3b (with H ¼ L), To this end,
Nb ¼ Nc ¼ 32 subcells were employed for the discretization with
a ﬁber volume fraction of v f ¼ 0:3.
In order to examine the effect of the two-way shape memory
effect on the local stress ﬁeld at the high- and low-temperature
shapes, the composite’s temperature was, as before, initially set
at 200 K to induce a twinned martensite phase in the ﬁber. The
composite is subjected to an externally applied loading to form a
detwinned martensite in the ﬁber. Upon a subsequent temperature
increase, the detwinned martensite is transformed to austenite inFig. 8. Surface plots of the local equivalent stress req (left) and transverse shear stress r23
direction. (a)–(b) High-temperature shapes, (c)–(d) low-temperature shapes. The stressethe ﬁber and full recovery is achieved at h > 435 K. The corre-
sponding distributions among the SMA ﬁber and epoxy matrix of
the equivalent stress req ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 sijsij=2
p
(sij are the deviatoric stres-
ses) and the transverse shear stress r23 are shown in Fig. 8a and
b for an externally applied loading in the ﬁber (axial) direction.
These stresses represent the high-temperature shape of the com-
posite. Next, the temperature is decreased and a phase transforma-
tion between the austenite and the detwinned martensite takes
place at h < 307 K. The resulting local stress distributions are
shown in Fig. 8c and d, which represent the low-temperature
shape of the composite. Fig. 8a shows that, as expected, the ﬁber
carries most of the stresses and that their values decrease by
almost twice at the low-temperature shape of the composite. The
concentration of transverse shear stresses is appreciably higher
in the high-temperature shape. Fig. 9 shows the corresponding
distributions when the same composite is subjected this time to
a transverse loading. To this end, the high- and low-temperature
shapes are stable at h > 347 K and h < 260 K, respectively. Con-
trary to the previous case, the spread of the stresses within the
epoxy matrix is clearly observed. In addition, the shear stress
concentrations at the high-temperature shape of the composite
by an order of magnitude is signiﬁcant. From Figs. 8 and 9, it can
be readily concluded that failure in the composite material is
expected for the high-temperature shape. Finally, it is interesting
to observe that although the macroscopic stresses are kept con-
stant during the heating and cooling procedures, the local stress
ﬁelds vary.(right) distributions of the SMA/epoxy composite subjected to a loading in the axial
s are measured in Pascals.
Fig. 9. Surface plots of the local equivalent stress req (left) and transverse shear stress r23 (right) distributions of the SMA/epoxy composite subjected to a loading in the
transverse direction. (a)–(b) High-temperature shapes, (c)–(d) low-temperature shapes. The stresses are measured in Pascals.
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material. Therefore, the only inelastic strains in the SMA/epoxy
composite material are generated in the shape memory alloy con-
stituent. Since both the one-way and the two-way shape memory
effects are associated with recovery and formation of transforma-
tion (inelastic) strains, it is reasonable that the SMA/epoxy com-
posite exhibits a somewhat similar behavior to that of the
monolithic shape memory alloy. In the case of an SMA/aluminum
metal matrix composite that is discussed in the following on the
other hand, inelastic strains are being generated in the aluminum
matrix as well as in the shape memory alloy ﬁber. Hence, theFig. 10. Macroscopic stress–strain responses of the SMA/aluminum compositeresponse of the composite material is rather different than that
of the monolithic shape memory alloy.
In Fig. 10a and b, the uniaxial stress–strain responses of an
SMA/aluminum composite material are illustrated at reference
temperatures h ¼ 240 K and h ¼ 300 K, respectively. An additional
curve of the uniaxial stress–strain response of monolithic alumi-
num is drawn as a reference. By comparing Fig. 10a and b to Figs.
1a and b and 4a and b, it may be observed that the global response
of the SMA/aluminum composite resembles the behavior of mono-
lithic aluminum, while the overall response of the SMA/epoxy
composite is similar to that of the shape memory alloy. This resultsmaterial and pure aluminum at temperatures: (a) h ¼ 240 K, (b) h ¼ 300 K.
Fig. 12. The two-way shape memory effect of the SMA/aluminum composite
material generated by inducing plastic strains in the aluminum matrix.
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the inelastic aluminum matrix. These permanent strains cannot
be recovered upon unloading, and consequently, the typical hys-
teresis behavior of shape memory alloys is not observed in these
ﬁgures.
The one-way shape memory effect of the SMA/aluminum com-
posite is illustrated in Fig. 11a. First, the temperature of the com-
posite is set to h ¼ 200 K to induce a twinned martensite phase
in the shape memory alloy ﬁber. Upon loading of the composite
in the axial direction at this constant temperature of 200 K, a phase
transformation between twinned and detwinned martensite is
induced in the shape memory alloy ﬁber. If the applied load is
released, macroscopic residual strains are observed in the compos-
ite material. These strains consist of the combined effects of plastic
strains in the aluminum matrix and the (inelastic) transformation
strains in the shape memory alloy ﬁber. Upon heating the compos-
ite, the detwinnedmartensite phase in the ﬁber becomes austenite.
However, the plastic strains in the aluminum matrix do not
recover. Moreover, residual microscopic compressive stresses are
observed in the shape memory alloy ﬁber upon heating, which
results from the mismatch between the coefﬁcients of thermal
expansions of the composite’s constituents combined with the
plastic strains in the aluminum matrix. These stresses are signiﬁ-
cant enough to generate a new phase transformation from the aus-
tenite to detwinned martensite. As a result, although some
recovery of the global strains is observed (see Fig. 11b for a zoomed
temperature–strain plot of this process), upon a subsequent
decrease of the temperature, a new path in the strain–temperature
curve is observed; this path is associated with the new phase
transformation in the compression region.
It is well known that by applying the traditional training proce-
dure on the shape memory alloy that consists of the application of
loading–unloading–heating–cooling cycles results in permanent
inelastic strains that enable the generation of the two-way effect
in the material. In the present case of an SMA/aluminum compos-
ite, the existence of the elasto-plastic aluminum matrix results in
the generation of residual microscopic plastic stains in this constit-
uent during loading. Thus, the metallic matrix plays the role of a
‘‘trainer” for the production of the two-way shape memory effect.
The result of this procedure is depicted in Fig. 12 where upon sub-
sequent heating and cooling cycles, two shapes are observed: a
low-temperature shape (for h < 254 K) and a high-temperature
shape (for h > 583 K). Although these shapes are stable in the sense
that a phase transformation does not occur outside this range of
temperatures, they are rather sensitive to temperature changes,Fig. 11. The SMA/aluminum composite material: (a) the one-way shape memory effect
macroscopic strain 11.and therefore, this training procedure is not practical for high-
accuracy applications.
Finally, the procedure that was employed in this investigation
to obtain the two-way shape memory effect was applied on the
SMA/aluminum composite, as illustrated in Fig. 13a and b. The
temperature of the composite is initially set at a temperature of
h ¼ 200 K to induce a twinned martensite phase in the shape mem-
ory alloy ﬁber. Then, an externally applied loading in the ﬁber
direction is imposed on the composite to form a detwinned mar-
tensite in the ﬁber. At this stage, microscopic plastic strains are
generated in the aluminum matrix as well. Upon a subsequent
temperature increase, the detwinned martensite phase in the ﬁber
is transformed to austenite, but the plastic strains in the aluminum
matrix do not recover. If the temperature is then decreased, a
phase transformation between the austenite and the detwinned
martensite takes place in the ﬁber; on the other hand, the state
of the plastic strain in the aluminum matrix does not change. As
a result, the two-way shape memory effect can be well identiﬁed
in the SMA/aluminum composite (Fig. 13b). Speciﬁcally, the re-
verse transformation between detwinned martensite and austenite
phases takes place at the range of 705 K < h < 737 K where the for-
ward transformation takes place at the range of 308 K < h < 410 K.
It may be noted that the low- and high-temperature shapes are
very sensitive to the temperature change. In addition, the high-
temperature shape is stable at h > 737 K, which is rather high, (b) the relation between the temperature of the composite material and the axial
Fig. 13. The SMA/aluminum composite material: (a) the two-way shape memory effect, (b) the relation between the temperature of the composite material and the
macroscopic axial strain 11.
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result, it seems that the two-way shape memory effect in SMA/alu-
minum composites is not useful in its current form.
5. The effect of imperfect bonding between the SMA ﬁbers and
matrix
The HFGMC model and the results shown thus far were based
on the assumption that there is a perfect bonding between the
SMA ﬁber and the surrounding matrix. Imperfect bonding fre-
quently takes place when the interfacial stresses exceed the bond
strength at the ﬁber–matrix. The effect of weak bonding has been
extensively studied by Bednarcyk et al. (2004) in conjunction with
the HFGMC model. To this end, the debonded interface is modeled
by imposing discontinuity (i.e., jump) in a given displacement
component across the interface which is proportional to the stress
there:
½uiInt ¼ RiðtÞrInti ; i ¼ 1;2;3 ð26Þ
where ½uiInt is the discontinuity in the displacement component i at
the interface Int;rInti is the corresponding stress component (trac-
tion) at the interface, and RiðtÞ is a time-dependent parameter
which is controlled by the speciﬁc constitutive law of the debond-
ing (the parameters of which are usually determined by a correla-
tion with measured data). As a result, Eq. (22) for example, which
in the perfect bonding case imposes the displacement continuity
conditions at the interface between subcell ðbcÞ and its neighboring
one ðbcþ 1Þ, takes the form
uðbcÞi jyðcÞ3 ¼lc=2  u
ðbcþ1Þ
i jyðcÞ3 ¼lc=2 ¼ R
ðbcÞ
i ðtÞrðbcÞ3i jyðcÞ3 ¼lc=2 ð27Þ
for b ¼ 1; . . . ;Nb and c ¼ 1; . . . ;Nc  1. In the framework of the
HFGMC model, this point-wise condition is imposed, as in Eq.
(23), in the integral sense.
In the following, the two-way shape memory effect is investi-
gated for the SMA/epoxy composite ðv f ¼ 0:3Þ which is subjected
to a transverse normal loading. It is known (e.g., Bednarcyk et al.,
2004) that under transverse loading, shear debonding only has a
slight effect on the global composite transverse response. Conse-
quently, results are generated herein for the SMA/epoxy composite
ðv f ¼ 0:3Þ under the assumption that perfect bonding in shear
exists, whereas the imperfect bonding in the normal direction is
assumed to be controlled by the constant value of
R ¼ 0:05 m=GPa. This debonding parameter reduces the effectivetransverse modulus of the SMA/epoxy composite from 6.34 GPa
(perfect bonding) to 4.5 GPa, but its effect on the effective trans-
verse shear modulus is negligible.
Fig. 14 shows the high-temperature and low-temperature
shapes of the composite with imperfect bonding in the normal
direction, that is subjected to transverse normal loading. This ﬁg-
ure is the counterpart of Fig. 9 in which perfect bonding was as-
sumed. A comparison between these two ﬁgures reveals that due
to the weak bonding, there is an increase in the induced stresses.
In particular, the shear stress at the low-temperature composite’s
shape is by an order of magnitude higher. This indicates that at
the low-temperature shape, failure will occur at the shown loca-
tions with high stresses. In conclusion, the effect of imperfect
bonding on the induced local stresses in the constituents is signif-
icant and must be taken into account in the modeling of this type
of composites. However, its effect on the global response is not as
signiﬁcant since it reduces the macroscopic stresses by approxi-
mately 18% (rather than an order of magnitude as in the local
stresses).
6. Summary and conclusions
Arobust thermo-micromechanical framework to simulate the re-
sponse of unidirectional SMA/epoxy polymermatrix composite and
SMA/aluminum metal matrix composite was developed in this
study. This procedure accounts for the evolution of the one-way
and the two-way shape memory effects in the SMA ﬁber, as well as
the individual response of the matrix constituents. As a result, the
thermomechanicalmacroscopic stress–strain–temperature relation
of the composite aswell the local ﬁeld distributionbetween the SMA
ﬁber and its surrounding matrix can be established.
In the present investigation, the HFGMC model was employed
for the prediction of the response of two composite materials. First,
the response of the SMA/epoxy composite material was investi-
gated for cases of axial, transverse and transverse shear loading.
In general, it can be concluded that the embedded shape memory
alloy ﬁbers have a signiﬁcant inﬂuence on the macroscopic
response of the composite material where the resulting one-way
and two-way shape memory effects can be detected and utilized.
Speciﬁcally, it was observed that the epoxy constituent changes
the transformation temperatures as compared to those of the
monolithic shape memory alloy. In addition, the evolution of the
one-way and the two-way shape memory effects was found to
be more rapid in the case of transverse loading. In the case of the
Fig. 14. Surface plots of the local equivalent stress req (left) and transverse shear stress r23 (right) distributions of the SMA/epoxy composite with imperfect bonding between
the SMA ﬁber and matrix in the normal direction. The composite is subjected to an external loading in the transverse direction. (a)–(b) High-temperature shapes, (c)–(d) low-
temperature shapes. The stresses are measured in Pascals.
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identiﬁed in both the temperature-macroscopic shear strain and
the principle macroscopic strains. Axial shear loading of the com-
posite exhibits similar behavior.
Next, the effect of the shape memory alloy ﬁber volume fraction
on the two-way shape memory temperatures for applied axial and
transverse loading of the SMA/epoxy composite was examined. It
was found that the temperature change which is required for the
transition from the low-temperature stable shape to the high-tem-
perature stable shape decreases with the increase of the ﬁber vol-
ume fraction.
The response of an SMA/aluminum composite material was
investigated as well. It was shown here that the application of
one-way shape memory effect of the SMA/aluminum composite
results in a new training procedure, which is similar to the tradi-
tional one; this procedure is carried out by generating permanent
plastic strains in the shape memory alloy. Here on the other hand,
it was suggested to generate microscopic plastic strains within the
aluminum matrix and not in the shape memory alloy ﬁber. It was
shown that these strains result in a macroscopic two-way shape
memory effect of the composite material. In addition, another
loading cycle which results in the two-way shape memory effect
was demonstrated in this study. However, it can be readily con-
cluded that the two-way shape memory effect in SMA/aluminum
composites does not seem to be useful in its current form, since
the two stable shapes are highly sensitive to the surrounding tem-peratures. It is possible that a metallic matrix with lower coefﬁ-
cient of thermal expansion than that of the aluminum may result
in a better performance.
The present investigations concludes by considering the effect
of imperfect bonding between the SMA ﬁber and the surrounding
matrix. This is illustrated by considering a constant debonding
parameter that controls the imperfect bonding in the normal
direction.
In a future investigation, this micromechanical model may be
generalized to three-dimensional geometries (short ﬁber compos-
ite) to model more complex shape memory alloy reinforcements.
In addition, our future research will employ a structural analysis
in which the established micromechanical model will be used as
constitutive equations to predict the response of shape memory
alloy composite structures (e.g. a composite beam) that exhibit
the two-way shape memory effect.
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